The scattering and absorption by the existing particles in turbid media is severely degrading the image quality and decreasing the visibility distance, especially in dense turbid media. In this paper, we investigate the polarization property of hazy images in dense turbid media, and we propose a simple pseudo-polarimetric dehazing method for dense haze removal, which only requires a single image captured by the detector. By our proposed method, two orthogonal polarization subimages are derived from the single original image, and then, based on these two subimages, one can obtain the recovered image by using the traditional polarimetric method. The real-word experimental results verify that, for the dense haze, our method based on a single image could have a comparable or better performance compared to the traditional polarimetric dehazing method with multiple images captured at different polarization states.
Introduction
The reflected light of target is scattered and absorbed by the particles existing in turbid media, which results in the energy loss of target. Moreover, the undesired light, also be called as "veiling light", due to the particles scattering is also introduced into the optical path, which leads to the reduction of image quality, and thus the decrease of visibility distance [1] - [4] . Therefore, enhance the image quality and increase the visibility distance have great significance for various applications, such as the target detection and surveillance [5] , [6] etc.
In previous literatures, various dehazing methods have been proposed to remove the haze and enhance the image quality [7] - [23] . All these methods mainly fall into two categories, the first one is computer visions, such as histogram stretching [20] , etc. The second one is based on the physical model, such as He's dark channel prior (DCP) method [8] and polarimetric methods [9] - [13] , etc. In particular, Schechner et al. have proposed a polarimetric dehazing method by introducing a polarizer in front of the detector and capturing two orthogonal polarization images [9] . This initial polarimetric method is a proven effective way to image recovery and quality improvement in turbid media (including haze, fog, smoke and turbid water, etc.). Besides, based on Schechner's initial polarimetric method, researchers have proposed many developed methods to recover hazy images and further enhance image quality [14] - [20] . For example, by capturing four images at different polarization states, Liang et al. have proposed a developed method using the angle of polarization (AOP) instead of the degree of polarization (DOP) [14] , [16] . However, these previous polarimetric dehazing methods require the acquisition of two or even more images at different polarization states. This could hamper the application of online (or real-time) image dehazing and may need a special imaging sensor or configuration [21] - [23] , and we believe that the method based on one single captured image can overcome these limitations to facilitate the dehazing.
In this paper, we have investigated the polarization property of hazy images in turbid media and found that the polarization property of the scene is mainly attributed to the scattering of particles in the dense turbid media. Therefore, when the turbid media is dense, the DOP of the whole scene can be considered as almost uniform. Under this assumption, a simple method for dense haze removal is proposed, which needs only one single captured image by the detector. We call it pseudopolarimetric dehazing method. By this method, two orthogonal sub-images are derived from this single image captured by the detector, and then, based on these two sub-images, one can obtain the recovered results by using Schechner's traditional polarimetric dehazing model. In addition, we have performed a series of experiments in dense turbid water (with active polarized illumination) and outdoor dense hazy environments (with natural illumination) to verify the effectiveness of our method.
Traditional Polarimetric Dehazing Method
A basic physical dehazing model [8] , [9] is described as:
where I (x, y) denotes the captured original intensity image by detector in pixel index (x, y). It is composed of two parts: one is direct transmission light D (x, y), which stems from the irradiance of scene L (x, y) and is attenuated because of the absorption and the scattering by particles; the other one is veiling light B (x, y), which refers to undesired backscattering light by particles towards detector. Besides, A ∞ denotes the veiling light value at infinity. t(x, y) is the medium transmittance. In addition, based on this basic physical dehazing model, Schechner et. al. has proposed a polarimetric dehazing method requires two orthogonal polarization images: co-linear image I || (x, y) and crosslinear image I ⊥ (x, y) as
According to Schechner's traditional polarimetric dehazing model [9] , [15] , the DOP of backscatter is given by P back = (A 
It can be seen from Eq. (3) that the polarimetric dehazing method above requires two orthogonal polarization images. It makes the procedure complicated and time consuming. It is thus interesting to obtain the dehazed image only based on a single image captured by the detector (for example, only based on either I || (x, y) or I ⊥ (x, y), or based on the intensity image I (x, y)). In the following, we will present the pseudo-polarimetric method for removing the dense haze only based on a single captured image.
Pseudo-Polarimetric Dehazing Method
For dense turbid media, the reflected light of scene severely degraded due to the massive particles in turbid media, which means that the transmittance t(x, y) is very low. Therefore, the light reflected from the object
is dominant in the dense hazy image. Therefore, the polarization property of the scene is mainly attributed to the veiling light, that is to say, the polarization property has the convergence characteristic in the whole scene (includes the object and the background), and it can be considered as almost uniform. We also take a series of underwater polarimetric imaging experiments with different densities of scattering particles in turbid water (the experiment setup will be introduced in the Section 4) to verify the above analysis. In this work, it's reasonable for considering DOP as the polarization property of the scene [20] . The original intensity images with two different densities and the distributions of values of DOP along the vertical lines in the images are shown in Fig. 1 .
From Fig. 1 (c), we can see that the distributions of the values of DOP include two regions: the DOP of the object P object and the DOP of the background P back . Besides, the difference of DOP is slight between the object and background in the scene, especially for the case of dense haze. It should be noted that, the DOPs of the object and the background can be considered as an approximation, respectively, while they indeed are functions of the pixel index. However, as shown in figure, the influence of the approximation error is little, and can be ignored when the density of haze increasing.
According to the analysis above, the DOP of the reflected light of the whole scene received by the detector (includes P object and P back ) mainly depends on the dense turbid media, and it approximately equals to a global value. Therefore, under this assumption, if the detector only captures a single image (for example, the cross-linear image I ⊥ (x, y)), one can derive both two orthogonal images with this global value.
We first perform the polarimetric method based on image I ⊥ (x, y). Since DOP of the whole scene is almost uniform, we consider the DOP of object region P object as the global value for the whole scene, which does not vary spatially. Therefore, based on the image I ⊥ (x, y) and parameter P object , the co-linear sub-image I || (x, y) can be derived as: It needs to be noted that, since there is a slight difference between the DOP of object P object and the DOP of background P back , and this can be corrected with a factor ε slightly greater than one. Therefore, when we use the region of "background" to estimate the transmission t(x, y), the DOP of the "background" P back should be replaced by εP object as:
The parameter A ∞ can be estimated by calculating the mean of the highest pixel values of the top 0.1% brightest pixels in the original intensity image I (x, y), which has ever been employed in many previous works of dehazing [8] , [16] , [17] . All these parameters are used to obtain the recovered scene image:
According to the Eq. (6), the recovered scene L (x, y) is obtained only by the single image I ⊥ (x, y) captured by the detector. The flowchart describing the process above based on the single crosslinear image I ⊥ (x, y) is shown in Fig. 2(a) . Besides, according to Eq. (6), it can be seen that, the term ε(1 − P object ) in the denominator is a multiplicative combination of ε and (1 − P object ), and the term (ε − 1) in the numerator as a multiplicative constant to modulate the intensity of L (x, y) globally. Therefore, neither parameter ε nor P object individually affects the quality of the dehazed image, while they combinationally affect the dehazed image. It means that one can find an appropriate set of ε and P object to lead to a good dehazing performance. In fact, we can first set a rough value of P object corresponding to the scene (high value for dense haze while low value for relatively slight dense), and then perform a heuristic adjustment to find an appropriate value of ε.
In addition, the method above is performed based on a single image captured by the configuration with the linear polarizer fixed at a orientation, and it could be more convenient and universal if this linear polarizer can be removed, or in other words, the recovered haze-free image can be also obtained based on the original intensity image I (x, y) captured by the detector without the linear polarizer. Actually, for a given value of P object , we can derive the co-linear sub-image
and the cross-linear sub-image
simultaneously from the raw original image I (x, y), and then a dehazed result is acquired by using traditional polarimetric dehazing model based on these two derived sub-images at orthogonal polarization states. The flowchart describing this process is also shown in Fig. 2(b) . It should be noted that, although our proposed method is based on Schechner's traditional polarimetric dehazing model, the two-orthogonal polarization sub-images are derived based on the single image captured by the detector, which is different from traditional polarimetric dehazing method. Therefore, we call it as "pseudo-polarimetric dehazing method". Since this method does not require multiple polarization images at different polarization states, it can overcome the limitations of the traditional polarimetric dehazing model, and be considered as a good extension to the traditional polarimetric model.
Real-World Experiments

Underwater Imaging Experiment
In this section, we first consider the experiment of underwater imaging in turbid water. For this case, the natural illumination is inapplicable to the "dark" underwater environment. A feasible strategy is by using active illumination. Furthermore, many previous literatures [11] , [18] , [24] have proven that the polarized illumination can increase the DOP of the scene, which is benefit for the further improvement of the recovery performance. The corresponding experimental setup is shown in Fig. 3(a) . In this experiment, we choose a plastic disc with letters on them as target, and then put it into the transparent PMMA tank filled with water (makes it hazy by adding milk). Its clear image is also shown in Fig. 3(b) . Besides, the active illumination light is realized by a LED source (Thorlabs, M625L3 with nominal wavelength of 625 nm). Two linear polarizers (Thorlabs, LPVISE200-A) are set in front of beam expander and CCD camera (AVT Stingray F-033B), respectively. The first one is employed to generate linear polarized illumination, while by rotating the second one at two orientations (be parallel to and perpendicular to that of first polarizer), the detector CCD can capture two images I || (x, y) and I ⊥ (x, y). When the water is blended with the milk (about 25 ml, and with protein content fat content 4.4 g/100 ml and 3.6 g/100 ml), the original intensity image of this scene is shown in Fig. 4(a) . Furthermore, compared to existing "dense haze" scenes in previous literatures [16] , [25] , the presented scene in Fig. 4(a) has a lower visibility, what's more, these details of the plastic disc cannot be distinguished. Therefore, it's reasonable to classify the scene in Fig. 4 as "dense haze". In addition, these two orthogonal polarization images I || (x, y) and I ⊥ (x, y) captured by detector are also shown in Fig 4(b)-(c) .
In practice, we found that by setting the value ranges of P object ∈ [0.3, 0.5] and ε ∈ [1.0, 1.2], one can get a good performance of image recovery for the case of dense haze. For example, since the haze in Fig. 4(a) is too dense, we set P object = 0.5, which is a relatively high value corresponds to the case of strong scattering. Actually, in our method, we firstly roughly set the value of P object , and then we adjust the value of ε to adjust the dehazed image in order to realize a good dehazing performance. For Fig. 4 , we find that one can get a good performance of the dehazing with ε = 1.04 when P object is set to be 0.5. Fig. 5(a) shows the recovered image with our proposed method based on cross-linear image I ⊥ (x, y) [shown in Fig. 4(c) ]. The recovered images by Schechner's method and our method based on raw original image I (x, y) [shown in Fig. 4(a) ] are presented in Fig. 5(b) -(c) for purpose of comparison. In addition, the recovered results by three well-known dehazing methods (He's dark channel prior [8] , Kim's optimized contrast enhancement [26] , contrast limited adaptive histogram equalization (CLAHE) [27] ), which are all based on only the original intensity image captured with active polarized illumination, are also presented in Fig. 5(d)-(f) .
It shows that, the dehazing performance of our method based on the cross-linear image I ⊥ (x, y) is better than that of other methods, while the recovered result based on the original intensity image I (x, y) is similar to that of Schechner's polarimetric method [9] . The performance for the case based on I ⊥ (x, y) is better because I ⊥ (x, y) is obtained when the linear polarizer (in front of CCD) blocks more veiling light, and thus it is less effected by veiling light [20] . These experiment results demonstrate that the proposed pseudo-polarimetric method based on a single image captured has the same as or even a better dehazing performance than that of traditional polarimetric dehazing method and other common dehazing methods.
In addition, we also perform our method for the scene with relatively low-density haze (with milk about 15 ml), whose original intensity image is presented in Fig. 6(a) . Comparing to the case in Fig. 4(a) , the case in Fig. 6(a) can be considered as "relatively slight haze". The recovered results by using our method based on the cross-linear image, Schechner's, He's, CLAHE and Kim's methods are also presented in Fig. 6(b)-(f) . It shows that our method can also lead to a pretty good recovery performance in the case of relatively slight haze.
Outdoor Imaging Experiments in Dense Haze
The proposed method can be also extended to the outdoor environment with natural illumination in the case of dense haze. The original intensity images captured directly by the camera for two different scenes are presented in Fig. 7(a)-(b) respectively, which are taken in a hazy weather. Indeed, these images are captured when the environment air quality index A Q I ≥ 200, which indicates that the density of haze is pretty high [16] and only has visibility distance of a few hundred meters. For color image, which contains three channels (red, green, blue), we perform the same dehazing process to these channels independently. Then, we recombine these three dehazed images into a colored one. The dehazed results based on the original intensity images are presented in Fig. 7(c)-(d) respectively. According to Fig. 7(a)-(b) , the haze is too dense to distinguish some targets in the distance. In particular, the buildings marked by yellow rectangles in Fig. 7(a)-(b) are nearly invisible, the outline of these buildings can be hardly seen, while the dehazed results marked by yellow rectangles in Fig. 7(c)-(d) can be easily identified and the details become clearer. All these experimental results further prove the effectiveness of our proposed method. For the purpose of a clear display of the details, in Fig. 8 , we present the enlarged views of some objects [marked with the blue arrows in Fig. 7 ] in the intensity images and the images recovered by our method. By comparison, while these details are blurred in the hazy intensity images [ Fig. 8(a) -(c)], they become clearer in the recovered images [ Fig. 8(d)-(f) ]. For example, the windows of the building in Mark B can be clearly seen in Fig. 8(e) , while they are almost invisible in Fig. 8(b) .
Besides, since only single original intensity images are captured for above scenes, Schechner's method, which must require two orthogonal polarization images, thus cannot be used. Therefore, in Fig. 9 , we just present the recovered results by He's, CLAHE and Kim's method, which require only original intensity image. Compared to other methods, our proposed method shows a comparable TABLE 1 The Targets' Contrast in Rectangle Regions in Fig. 7 or better performance. All these results verify the effectiveness of our method based on a single intensity image in the case of outdoor imaging environments with natural illumination.
In addition, the visibility distance is regarded as one of the important indications of the image quality. Different definitions exist. One of the most famous is Michelson's contrast [28] . It has been introduced to indicate the visibility, which can be expressed as:
where I max (x, y) and I min (x, y) denote the maximum and the minimum intensity values of a local object region, respectively. From a practical standpoint, the average value of C = 5% for the contrast threshold to definite a conventional distance called the "meteorological visibility distance" [29] .
We estimate the visibility distances in original hazy image [ Fig. 7(b) ] and recovered image [ Fig. 7(d) ]. The targets of interest are marked by the yellow and red rectangles, and the corresponding evaluation results are shown in Table 1 . According to Table 1 , the contrast of the target in red rectangle in Fig. 7(b) is only 5.39%, which means that the distance of this target in red rectangle can be roughly deemed as the maximum visibility distance [29] . This visibility distance is about 900 m. While in the recovered image, the contrast of the object building in yellow rectangle in distance [with distance of 1450 m, which is the farthest distance that can be measured in Fig. 7(d) ] is 10.93%. It can be seen that the contrasts of recovered images are improved at least 250% compared with original hazy images. Besides, the contrast of 10.93% for the building with distance of 1450 m shows that, the range of visibility distance in recovered image ≥ 1450 m. Therefore, by using our method, the visibility distance is roughly enhanced at least 61%.
Besides, we also compare the dehazing results of our method with that of Liang's polarimetric method [16] , which based on the analysis of angle of polarization and require four different polarization images, to further confirm our method's effectiveness and universality. The original intensity images of two different scenes are presented in Fig. 10(a)-(b) . From Fig. 10(a)-(b) , we can see that the visibilities of original hazy images are poor, furthermore, some details in these scenes are almost invisible, especially for the building in yellow rectangle in Fig. 10(b) . For the purpose of comparison, the dehazed images by our proposed and Liang's methods are shown in Fig. 10(c)-(f) . By contrast with dense haze image [ Fig. 10(b) ], the visibility of the dehazed image [ Fig. 10(d) ] is enhanced, and the buildings in the distance in the yellow rectangle can be easily found and the detail looks much clearer, while these buildings in Fig. 10(b) are hard to see. In addition, the detail in the red rectangle, which can be considered as the imaging in relatively slight haze, also become clear in Fig. 10(c) by using our method. It indicates that our method is also valid for the case of relatively slight haze in outdoor environments.
The ranges of visibility C given by Eq. (9) are also calculated for Fig. 10 , which are listed in Table 2 . We can see that our method can enhance the visibility distance and the image quality simultaneously. It shows that, our proposed method has the same performance as that of Liang's method. However, since the proposed pseudo-polarimetric dehazing method is based only on a single captured image while Liang's method is based on four different polarization images, it means that the configuration for our method is simpler and more convenient, which is effective for various scenarios.
Besides, the recovered results by Schechner's, He's, CLAHE and Kim's methods are also presented in Fig. 10(g)-(n) for comparison. Overall, our method has a comparable or even better Fig. 10 [16] performance compared to the state-of-the-art methods. Therefore, our method can be considered as a good extension to the traditional polarimetric dehazing model and has a good performance.
Conclusion
In this paper, we have investigated the polarization property of hazy image in dense turbid media, and found that the degree of polarization (DOP) of the scene is approximately equal to a global constant. Under this assumption, a pseudo-polarimetric dehazing method is proposed for dense haze removal, in which only a single image need to be captured by the detector. In the proposed method, two sub-images at orthogonal polarization states are derived from this single image captured by the detector, furthermore, the dehazed image is obtained by polarimetric dehazing method with these two sub-images. The real-world experiments (includes both active and natural illumination) verify that the pseudo-polarimetric method only based on a single image is quite effective for dense haze removal, and it could have a same or better performance compared to the existing polarimetric dehazing methods. In addition, the experimental results in outdoor environments with natural illumination demonstrate that, our proposed method can enhance the visibility distance by at least 61%. Therefore, it can be considered as a good extension to the traditional polarimetric dehazing model.
